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THE LAG OF CEREBRAL HEMODYNAMICS WITH RAPIDLY ALTERNATING
PERIODIC STIMULATION: MODELING FOR FUNCTIONAL MRI
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A mathematical model that characterizes the response of venous oxygenation to changes in cerebral blood flow
(rCBF) and oxygen consumption has been previously presented. We use this model to examine the dampening
phenomenon in functional MRI (fMRI) signals with rapidly alternating periodic stimulation bursts. Using a mass
balance approach, the equations for an input-output model are derived and solved using Matlab (the Math
Works Inc.). Changes in venous oxygenation are related to the results of fMRI experiments using progressively
shorter periods of stimulation. An impulse-response function for the model is derived in an attempt to explore
the source of the lag in cerebral hemodynamics. Increasing the frequency of stimulation bursts eventually
produces a dampening in the fMRI signal. The dampening phenomenon in fMRI signals occurs with stimulation
of high frequency on-off alternation. The dynamics of signal dampening, as well as the impulse-response function
of a blood oxygen level-dependent model, lend strong indirect support to the hypothesis that blood oxygen
level-dependent contrast at the level of the venous blood pool, rather than R1 inflow effects or changes in
oxygenation at the level of the capillary bed, underlies the observed signal changes in fMRI. © 1998 Elsevier
Science Inc.
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INTRODUCTION

With the maturation of functional MRI (fMRI) as a field
of active investigation, various groups are now beginning
to use fMRI to examine the physiology of cerebral acti-
vation.1–8

Central to extracting information regarding cerebral
hemodynamics with activation, however, is an under-
standing of the contrast mechanisms in fMRI. Only when
we better understand what the fMRI signals represent
can we begin to extract information about cerebral phys-
iology from the dynamics of such signals.

Thus far, most investigators have utilized conven-
tional gradient-echo or T2*-weighted echo planar mag-
netic resonance (MR) to display signal increases in ap-
propriate anatomical locations with motor and sensory

stimulation.1–14 The generally proposed mechanism for
the observed signal enhancement has been termed blood
oxygen level-dependent (BOLD), and involves local in-
creases in the venous oxyhemoglobin/deoxyhemoglobin
ratio thought to accompany neuronal activation.1–3,9,12

The signal increases accompanying functional stimula-
tion have been widely considered to represent an initial
uncoupling of cerebral blood flow and oxidative metab-
olism following a neuronal activation burst, leading to an
excess of flow over metabolism.15–18 More recently,
mathematical modeling suggests that the excess of flow
over metabolism represents instead a tight coupling of
flow and oxidative metabolism in the setting of a relative
limitation in O2 availability.19 With increases in arterial
well-oxygenated blood flow in excess of local O2 con-
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sumption,16,18the venous blood pool will show a signif-
icant decrease in deoxyhemoglobin concentration. This
decrease in paramagnetic deoxyhemoglobin will in turn
lead to less intravoxel dephasing, and result in signal
increases with T2*- (or T2)-weighted sequences.1–3,9,12

There is some evidence that the postulated decreases
in deoxyhemoglobin with functional stimulation have
been demonstrated with near-infrared spectroscopy.20,21

Further evidence in support of the BOLD mechanism has
been in the form of several studies directly demonstrat-
ing the effect of altering cerebral oxygenation on MRI
signal.22–24

More recently, however, some investigators have
called into question the basic validity of the notion of
BOLD contrast as the predominant mechanism underly-
ing contrast in fMRI.8

It has been variously postulated that inflow R1 effects
may contribute significantly to the observed fMRI sig-
nal,25 and that the observed signal may in large part be
due to changes in CSF oxygenation and CSF flow and to
stimulus correlated motion effects.8

Mathematical modeling of cerebral venous oxygen-
ation may aid in understanding the basic mechanisms
underlying fMRI signal, and may shed light on the ce-
rebral hemodynamics that accompany functional activa-
tion.26,27

Specifically, this paper seeks to examine the fMRI
signal response to rapidly alternating periodic stimula-
tion, using both a mathematical model of cerebral venous
oxygenation and actual subject data of motor stimulation
with progressively shorter bursts of “on-off” stimulation.
The hypothesis presented is that the changes in cerebral
hemodynamics that accompany cerebral activation occur
in finite time, on the order of a few seconds;10,28 hence,
as the frequency of periodic stimulation bursts increases,
changes in cerebral venous oxygenation begin to lag
behind the alternation frequency of the on-off bursts,
with a dampening in the peaks and troughs of the fMRI
signal. This dampening phenomenon is, on the surface,
nonspecific. It may result predominantly from a lag in the
rCBF response to cortical activation, a lag in the change
of cerebral venous oxygenation in response to increases
in cerebral blood flow (CBF), or a mixture of both.

The model presented accounts explicitly for both
sources of lag and demonstrates that the dampening
phenomenon is well-modeled, vis-a-vis previously pre-
sented empiric data, with an assumption that CBF adjusts
fairly rapidly to cortical activation, and with a natural
ensuing lag as the new end-capillary blood washes into
the venous pool. This tentative conclusion is further
tested by comparing mammalian and human flowmetry
data in the setting of cortical activation to the time course
of fMRI signals, and by examining the impulse response
function of our proposed model.

The observed dampening of fMRI signals with rapidly
alternating periodic stimulation in fact closely resembles
a convolution of a stimulus pattern with an impulse
response function which accounts for the time lags dis-
cussed above. Previous investigators have also presented
impulse–response function analyses of the fMRI re-
sponse, using a linear time-invariant model.29

To further test the above model, it was used to exam-
ine a recently described phenomenon of non-linearity in
some fMRI experiments.29,30 This topic will be treated
more fully in a forthcoming manuscript, but an initial
exposition helps to validate our present model.

Boynton et al., in their seminal recent work, have
modeled the fMRI response as a linear time-invariant
system fully characterizing the spatial and temporal av-
eraging of neural activity.29 Among the experiments
performed in that work was an attempt to reconstruct an
fMRI signal of a longer pulse duration from time-shifted
summed copies of the fMRI signals to pulses of shorter
duration. For example, according to their presented lin-
ear system, the response to a stimulus pulse of 12-s
duration should be predictable by summing four shifted
copies of the fMRI response to a stimulus pulse of 3-s
duration. The results of Boynton et al. revealed that
although fMRI signals are in general consistent with a
linear transform model, there was a subtle yet systematic
failure of the predictions: the responses to the shorter (3
s) pulse tend to overestimate the responses to longer
pulses. The reason for this discrepancy was unclear, but
was attributed to possible neural adaptation with the
longer pulses.29

If, as our model suggests, the main source of lag is in
the adjustment of cerebral venous oxygenation in re-
sponse to flow, then the impulse response function of our
model should be able to, at least partially, explain the
observed deviations from linearity, and to accurately
model the results obtained by Boynton et al.

MATERIALS AND METHODS

Mathematical Model
In prior work, we have developed a model to estimate

changes in venous oxyhemoglobin concentrations
([O2]v) based upon changes in regional cerebral blood
flow (F), cerebral blood volume (V) and regional O2

consumption (C9) and correlated it with existing fMRI
data.26 A simplified derivation is presented here, for the
purposes of examining the form of the impulse response
function. A mass-balance approach is used to calculate
end-capillary O2 concentrations with activation, and as-
sociated changes in blood flow and O2 consumption.
This is termed [O2]9v(t), denoting the O2 concentration
from the local capillary bed being emptied into the
venous pool.
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At baseline, by Fick’s law, regional O2 consumption
can be written as the product of cerebral blood flow (F)
and the difference between arterial O2 concentration
([O2]a) and end-capillary O2 concentration ([O2]9v):

C9[O2] 5 F p {[O 2]a 2[O2]9v} (1)

Rewriting this equation as a time variable equation in
terms of an O2 extraction function E(t), we get:

C9(t)[O2] 5 F(t) p[O2]a p E(t) (2)

where if consumption remains constant, then E(t)F(t)
remains constant, and where end-capillary O2 concentra-
tion is a time variable described by:

[O2]9v(t) 5 [O2]a * {1 2 E(t)} (3)

To yield a true venous oxyhemoglobin level at time t,
[O2]v(t), the incremental [O2]9v(t) is assumed to be flow-
ing into, and instantaneously mixing with, the venous
pool, where the existing venous O2 concentration is
[O2]v(t). If the venous blood volume is considered a
constant V, then a mass-balance equation for venous O2

concentration can be written:

F(t) p [O2]9v(t) 2 F(t) p [O2]v(t) 5
d

dt
([O2]v(t) p V) (4)

where the right hand side of the equation represents the
time derivative of total venous O2 content, and the left-
hand side represents the difference between inflowing
and outflowing O2 flux. The solution of a more general
form of this equation, where cerebral blood volume is
considered a time variable, and where an exponential
form of E(t) is assumed, has been presented elsewhere.26

Equation (4) describes the dynamic change of [O2]v(t)
to a new equilibrium value after a change in CBF, and
hence models the lag inherent in the response of cerebral
venous oxygenation to changes in CBF. This equation
can now be used to derive an impulse response function
for this system. For ease of readability, the variables can
be relabeled as follows:

y(t) 5 [O2]v(t)
a(t) 5 F(t)/V
x(t) 5 [F(t)/V] p [O2]9v(t)

The system can now be rewritten as

dy/dt1 a(t)y(t)5 x(t) (5)

This can be multiplied by an integrating factor of the
form

e*0
t a(s)ds, and rewritten such that we have

d

dt
[e*0

t a(s)dsy(y)] 5 e*0
t a(s)dsx(t) (6)

This can be solved directly as follos:31

e*0
t a(s)ds y(t) 5 E

0

t

e*0
t a(s)dsx(t)dt (7)

Equation (7) can be re-expressed in terms of y(t) as
follows:31

y(t)5E
0

t

(e*0
ta(s)dse2*o

t a(s)ds)x(t)dt (8)

Equation (8) can be further simplified into the following
form:31

y(t)5E
0

t

e*t
ta(s)dsx(t)dt (9)

Assuming that the system stays at baseline prior to t5 0,
and introducing a unit step function, Eq. (9) can once
more be rewritten to directly yield the impulse-response
function of this system:31

y~t! 5 E
2`

`

e*t
ta(s)dsU(t2t)x(t)dt (10)

In this form, the impulse-response function is readily
apparent as

h(t, t)5e*t
ta(s)dsU(t2t) (11)

Now substituting back for the function a(t), the impulse-
response function can be written explicitly in terms of
flow F(t) as:

h(t, t)5e*t
t(F(s)/V)dsU(t2t) (12)

and the explicit solution to the entire system can be
written from Eq. (9) as:

[O2v](t)5E
0

t

e*t
t(F(s)/V)ds{(F(t)/V)[O2]a(12E(t)}dt

(13)
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Simulations
Simulations are performed to estimate the changes in

cerebral venous oxygenation with changes in flow. The
following assumptions are made: with functional stimu-
lation, CBF is assumed to increase by 30%, drawing
upon the positron emission tomography (PET) results of
Fox et al.16 Also, CBF is assumed to increase and de-
crease linearly over a time course of 3 s at thebeginning
and end of a functional stimulation “on” period.28 Sim-
ulations are performed for on-off periods of progres-
sively shorter duration: 20, 12, 6, 3, and 1 s.

Then, the effect of changes in the rate of adjustment
of CBF with functional stimulation are simulated for
varying time courses of flow adjustment, as well for
different levels of peak flow. To test the linearity of the
system, the predicted venous oxygenation in response to
a 12-s pulse is compared to a linear summation of the
time-shifted response to a 3-s pulse.

MRI Imaging
Single-shot 643 64 resolution echo planar imaging

on a standard clinical 1.5 Tesla GE Signa scanner with an
inserted three-axis balanced torque head gradient coil
designed for rapid gradient switching was performed. A
shielded quadrature elliptical endcapped transmit/receive
birdcage radiofrequency (RF) coil, inserted inside the
gradient coil, is used to obtain high-quality images

through the entire brain volume. Images were obtained
on five subjects, with TR 1000, TE 40 ms, and field of
view 24 cm with slice thickness 10 mm. Subjects were
cued to tap, bilaterally, their fingers to thumb in a self-
paced consistent pattern. On-off cycles ranged from 0.02
Hz (25 s on and 25 s off) to 0.5 Hz (1 s on, 1 s off). A
region of interest in the left motor cortex, of approxi-
mately 30 voxels, was used to generate a time-course of
average fMRI signal.

RESULTS

The General Workings of the Mathematical Model
The general workings of the mathematical model are

displayed in Fig. 1. A simulation is performed using data
generated by Fox et al. in their landmark PET study of
cortical activation in response to somatosensory stimu-
lation.16 In that study, blood flow increased by 29%,
whereas O2 consumption increased by only 5%. In re-
sponse to those prescribed parameters, our model shows
an asymptotic increase in venous oxyhemoglobin by
8.6%, with 75% of peak change attained by approxi-
mately 8 s post stimulation.

Modeling the Dampening Phenomenon
Figure 2 (A-E) displays the simulation results of

changes in venous oxygenation with progressively

Fig. 1. Model simulation of human visual activation using actual physiologic data. Visual stimulation is assumed to commence at
5 s. In response, CBF increases by 29% over 3 s, while O2 consumption increases by only 5%, demonstrating the known uncoupling
of flow and oxidative metabolism at the initiation of a neuronal activation burst. As a result of these hemodynamic changes, venous
oxygenation is calculated to increase by 8.1%, while the O2 extraction fraction is calculated to decrease by 19% (see Discussion).

12 Magnetic Resonance Imaging● Volume 17, Number 1, 1999



shorter periods of on-off stimulation. It is noted that at
periods of 20 and 12 s, there are well-defined peaks and
troughs of venous oxygenation corresponding to the on
and off periods of stimulation respectively. At 20 s (Fig.

2A), there is 12% increase in venous oxyhemoglobin
between the on and off periods, presumably leading to
the strongly observed peaks in fMRI signal. At a switch-
ing frequency of 0.042 Hz (12 s on, 12 s off) there are

Fig. 2. Model simulation results of percentage change in cerebral venous oxygenation for progressively shorter on-off stimulation
periods, ranging from 20 s “on”: 20 s “off” (0.025 Hz), to 1 s “on”: 1 s “off” (0.5 Hz). Hysteresis is clearly evident at a frequency
of 0.167 Hz.
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still well-defined peaks and troughs of venous oxygen-
ation (Fig. 2B). The on-off phase oxygenation differ-
ences are mildly blunted, decreasing to approximately
8%. This would be reflected in a mild decrease in relative
fMRI signal strength. At a shorter on-off period of 6 s
(0.083 Hz), there is significant blunting of on-off phase
differences. Although peaks and troughs are still quite
discernible, the calculated differences in venous oxygen-
ation are now between 3 and 4% (Fig. 2C). This would
be expected to correlate to a significantly diminished
signal in fMRI experiments. Shortening the on-off period
further to 3 s (0.167 Hz), fMRI signal dampening be-
comes clearly evident, with venous oxygenation rising
with initial onset of stimulation, and then undulating
around a new equilibrium value, without well-defined
peaks or troughs. The differences in venous oxygenation
are now less than 1% (Fig. 2D). At a frequency of 0.5 Hz,
there is no discernible phase difference at all (Fig. 2E).

Figure 3 (A–F) displays actual functional MRI data
previously obtained by Bandettini et al. using a motor
stimulation paradigm with progressively shorter periods
in a single subject.32 Well-defined fMRI signal peaks are
evident at the longer periods. However, there is a definite
decline in fMRI signal strength at an on-off frequency of
0.083 Hz (6 s on, 6 s off) At an on-off stimulation
frequency of 0.16 Hz (corresponding to on-off periods of

3 s), the phenomenon of dampening is evident. An initial
rise to peak is observed, with signal undulating around
the new equilibrium level, with peaks and troughs no
longer distinguishable from background noise.

The Impact of CBF Peak and Rate of Change on
Dampening

Another useful aspect of modeling is that it allows us
to investigate the impact of changes in the flow rate, or
the level of peak flow, on venous oxygenation, and on
the phenomenon of dampening. Figure 4A displays a
simulation wherein peak flow is allowed to increase by
70% over 3 seconds, with on-off periods of 6 s. Com-
parison with Fig. 2C (period: 6 s; flow increases by 30%
over 3 s) reveals that at the higher flow rate, the peaks
and troughs are now better defined, with peak-trough
differences in venous oxygenation on the order of 5.5 to
6%. Figure 4B reveals the effect of lengthening the flow
response time to 6 s topeak flow, with other parameters
identical to Fig. 2C. Now, the peaks and troughs are
slightly more blunted, with peak-trough differences on
the order of 1.5 to 2%. Figure 4C reveals the impact of
shortening the flow response time to 1 second, with other

Fig. 3. Measured fMRI percent signal change in motor cortex
with progressively shorter on-off stimulation periods.

Fig. 4. Model simulation results of cerebral venous oxygen-
ation for varying levels of peak CBF increase with activation,
as well as different rates of rise to peak CBF. The on-off
frequency is maintained at 0.083 Hz (compare with Fig. 2c). A:
CBF increases by 70% over 3 s. B: CBF increases by 30% over
6 s. C: CBF increases by 30% over 1 s.
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parameters identical to Fig. 2C. In this case, the peaks
and troughs are slightly more pronounced than in Fig. 4B
(flow increases over 6 s), but not significantly different
from Fig. 2C (flow increases over 3 s).

The Impulse Response Function and Prediction of
Non-linearities

To further test the above model, it was used to exam-
ine a recently described phenomenon of non-linearity in
some fMRI experiments.29,30 Figure 5A (E) shows the
venous oxygenation response to a stimulation pulse of
12-s duration, assuming linear 2 s rises and falls in flow,
giving a trapezoidal shape to the flow envelope.33 The
venous oxygenation response is then predicted as the
time-shifted sum of the response to a 3-s stimulation
pulse [Fig. 5A (*)]. It is noted that when 3-s pulse
responses are used to reconstruct a 12-s pulse response,
there is an overestimate, or “non-linearity” of the type
observed by Boynton et al.29

For comparison, Fig. 5B is adapted from the work of
Boynton et al., with the thin curve revealing the time-
shifted sum of four 3-s pulse responses, and the bold
curve representing the fMRI signal response to a 12-s
stimulation pulse. The reconstruction of the 12-s pulse
response from the 3-s pulse responses produces an over-
estimate.

DISCUSSION

This paper presents a model of cerebral venous oxy-
genation as a function of cerebral blood flow, and applies
this model to predict that at high frequencies of on-off
stimulation, a phenomenon of dampening in the response
of cerebral venous oxygenation, and hence fMRI signal,
would be observed (Fig. 2). Experimental data also re-
veals the presence of a well-defined dampening phenom-
enon, with matching dynamics to those established by
modeling (Fig. 3).

The presence of this phenomenon is important in
several respects. On a practical level, it reveals certain
limitations that should be observed in the design of fMRI
experiments—namely, that the frequency of the on-off
periods should not exceed a certain level, probably in the
vicinity of 0.167 Hz, otherwise fMRI subtraction images
would be of little yield, as there would be little difference
between on and off phase images. This consideration,
however, is of minor importance, because in practical
experimental design, such on-off periodicities would
probably not be attained.

More importantly, the presence and characteristics of
the dampening phenomenon sheds light on important
aspects of cerebral hemodynamics, as well as on the
possible origin of the fMRI signal itself. At present, there
continues to be debate on two central issues: first,

whether oxygenation or CBF changes are primarily re-
sponsible for the observed fMRI signal, and second, if
oxygenation is primarily responsible, whether the main
contribution occurs at the level of the capillary bed or the
larger draining veins.3

With any of these mechanisms, a dampening phenom-
enon would be expected once the on-off flow rate ex-
ceeded the brain’s hemodynamic capacity; for example,
a dampening of the fMRI signal would be observed from
a lag between changes in venous oxygenation and the
changes in flow that accompany neural activation, or
may be due to a lag in the flow response itself after the
onset of stimulation.

However, a close examination of the dynamics of the
dampening phenomenon as predicted in this model and
as empirically demonstrated by subject data, in conjunc-
tion with human and mammalian flowmetry data, lends
strong indirect evidence that the predominant contributor
to fMRI signal change with stimulation is an increase in
the venous oxyhemoglobin to deoxyhemoglobin ratio,
i.e., the BOLD mechanism.

The above model accounts for both the flow response
time, as well as the lag between changes in CBF and the
resultant changes in venous oxygenation as more highly
oxygenated blood washes into the venous blood pool.
Using a trapezoidal flow function,33 and assuming that
there is a 3-s CBF rise time, there is good agreement
between the predicted and observed dynamics of the
dampening phenomenon. At low switching frequencies,
there is no significant changes in on-off phase venous
oxygenation nor in fMRI signal (Figs. 2 and 3). How-
ever, at a frequency of 0.083 Hz, there is significant
blunting of both venous oxygenation differences as per
the model, and observed fMRI signal strength as per the
experimental data, and at a frequency of 0.167 Hz, com-
plete dampening of the fMRI signal occurs.

The excellent agreement between the calculated
changes in venous oxyhemoglobin/deoxyhemoglobin
and the observed fMRI signal in and of itself suggests
that venous oxygenation is the central determinant of the
fMRI signal, and that the dampening phenomenon is
predominantly a result of the lag between changes in
CBF and the resultant changes in venous oxygenation.

However, a more detailed analysis is still required in
order to validate this conclusion in the face of the other
possible competing mechanisms: that the fMRI signal is
based on R1 inflow effects, or based on changes in
oxygenation at the level of the capillary bed.

The issue of fMRI signal dependence on R1 inflow
effects versus the BOLD mechanism has been exten-
sively studied outside the scope of this model and the
issue of signal dampening. Some investigators have sug-
gested that R1 inflow effects are predominant, because
saturation of tissue outside of the slice of interest sup-
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presses fMRI signal at 1.5 Tesla.25 However, it has been
demonstrated that at low flip angles and long TR,DR2*
is independent of TE, consistent with a BOLD-based
MRI signal.34,35

There is also strong direct evidence in support of the
BOLD mechanism: that increases in venous oxygen-
ation, and corresponding decreases in venous deoxyhe-
moglobin, cause increases in MR signal with suscepti-
bility-sensitive sequences. Original work by Ogawa et al.
demonstrated oxygenation-sensitive contrast in rodent
cerebral vessels using gradient-echo imaging at 7 T.36

Likewise, Turner et al. observed oxygenation-dependent
signal changes in cat brain at 2 T, attributed to increases
in the concentration of deoxyhemoglobin in veins and
capillaries.37 More recently, it has been demonstrated
that inhaled O2 causes global signal increases in human
brain, presumably secondary to a net conversion of ve-
nous deoxyhemoglobin to oxyhemoglobin.22,23 Rostrup
et al. directly investigated the signal changes in human
brain with hypo- and hyperoxia using gradient echo
imaging, and correlated these changes with observed
changes in blood flow using a phase mapping tech-
nique.24 They concluded that in their experiment, fMRI
signal changes are predominantly due to the BOLD
mechanism, with flow signal being only a minor contrib-
utor. CBF was observed to decrease with hyperoxia, and
to increase with hypoxia, but such changes did not abol-
ish the fMRI changes expected according to a BOLD
contrast mechanism.24

In the context of this model, and the phenomenon of
dampening, there are expected differences between an
fMRI signal based on BOLD contrast in the venous
blood pool, and an fMRI signal based on R1 inflow
effects or changes in oxygenation at the level of the

capillary bed. In the latter two scenarios, the fMRI signal
profile in this model would change as flow changes,
rising and falling over 2 to 3 s. No dampening would
develop, and there would be signal blunting only at the
ultra-high frequency range of 0.5 Hz. Observed fMRI
signal, however, follows the dynamics of venous oxy-
genation, rather than rCBF.

This conclusion is not significantly impacted by the
choice of a flow function in which CBF changes over 3 s.
Such a choice avoids the inherent difficulty in trying to
predict the flow response with periodic stimulation when
the switching frequency is less than the CBF rise time,
and is consistent with existing flowmetry data. While
Kwong et al., using IR flow-sensitive spin labeling tech-
niques found that fMRI signal peaks at 8.96 2.8 s,4 it is
possible that this data reflects a mixture of flow and
oxygenation lags. Direct measurements of the CBF re-
sponse in rats in response to sensory stimulation show a
rapid CBF response, peaking at 2 to 3 s.28 In humans,
Conrad and Klingelhofer have demonstrated that with a
10 Hz-dynamic checkerboard stimulus, CBF reached
50% of maximum velocity in 2.06 0.8 s, and 90% of
maximum at 4.26 1.7 s.38 However, in fMRI experi-
ments with visual stimulation, it has been observed that
mean signal rise times range from 6 to 9 s.10 This
discrepancy, however, is well explained by the above
model. Figure 1 reveals that when flow changes over 3 s,
it takes approximately 7.5 s to attain 75% of peak
changes in venous oxygenation.26 Therefore, an assumed
CBF rise time of 3.0 s is compatible with these empiric
results

Moreover, this model allows a direct assessment of
the impact of the CBF rise time, and the CBF peak value
vis-a-vis the inherent lag required for the new capillary

Fig. 5. (A) shows the calculated venous oxygenation response to a stimulation pulse of 12-s duration (E). The venous oxygenation
response is then predicted as the time-shifted sum of the response to four 3-s pulses (*). It is noted that when 3-s pulse responses are
used to reconstruct a 12-s pulse response, there is an overestimate, or “non-linearity.” (B) is adapted from the work of Boynton et
al. (see text), with the thin curve revealing the time-shifted sum of four 3-s pulse responses, and the bold curve representing the fMRI
signal response to a 12-s stimulation pulse. The reconstruction of the 12-s pulse response from the 3-s pulse responses also produces
an overestimate.
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oxygenation to “percolate” through the venous pool, as
separate variables in producing the dampening phenom-
enon. However, as there is yet no well-defined quantita-
tive link between changes in venous oxygenation and
observed fMRI signal, the quantitative effects on venous
oxygenation must be translated into qualitative effects on
fMRI signal.

Correlation with actual data suggests that significant
signal blunting in our subjects occurs at an on-off fre-
quency of 0.083 Hz (Fig. 3D). According to our model,
assuming a 30% increase in CBF over 3 s, this corre-
sponds to a peak-trough oxygenation difference of ap-
proximately 3.5 to 4%. With increases in the rate of
change of CBF, such as assuming that peak changes in
flow are reached over 1 s, and using an on-off frequency
of 0.083 Hz, this model predicts only a slight increase in
on-off phase differences in venous oxygenation, with the
average difference now being approximately 4% (Fig.
4C). Conversely, if there is a decrease in the rate of
change of CBF to 6 s, the on-off differences become
slightly more blunted, with the difference in venous
oxygenation decreasing to approximately 1.5 to 2% (Fig.
4B).

Changes in peak CBF also impact the peak-trough
differences in venous oxygenation, and appear to have a
more profound effect than changes in the rate of increase
of CBF. Figure 4A demonstrates that for an on-off fre-
quency of 0.083 Hz, flow going to peak over 3 s, and a
peak flow increase of 70%, there is a definite increase in
on-off phase differences in venous oxygenation, which
are now calculated to be 5.5 to 6%.

However, the most significant variable in the devel-
opment of dampening is the on-off frequency itself. This
is due to the lag in changes in venous oxygenation with
changes in cerebral blood flow, as displayed in Fig. 1,
and as modeled by Eq. (4). This lag is physiologically
reasonable, as changes in CBF would be paralleled by
changes in capillary oxygenation; however, it would take
some finite time for the new level of capillary oxygen-
ation to “percolate” through the venous blood pool, and
shift venous oxygenation to a new equilibrium. If peri-
odic stimulation is occurring with a time scale less than
that required for the establishment of this new venous
oxygenation equilibrium, the phenomenon of dampening
would become manifest. Hence, even if flow is assumed
to increase by 70%, and to attain this peak in only 1 s, if
the on-off frequency is 0.167 Hz, on-off oxygenation
differences are only 2.5 to 3%.

It is once again stressed that such conclusions, while
drawn from a quantitative model, are only qualitative in
nature. This is due in part to the absence of a definite
quantitative link between changes in venous oxygenation
and cortical MRI signal. They do demonstrate, however,
that the rise time of CBF, within physiologically reason-

able limits, is not a significant factor in the dynamics of
the dampening phenomenon. It is less important than the
actual flow peak attained, and by far the most important
factor is the inherent lag between the changes in CBF
and the change in venous oxygenation.

As stated above, a capillary-bed contribution to fMRI
signal would be expected to have a time dynamic similar
to inflow R1 effects, and different from BOLD effects in
the venous blood pool. Our data and model support that
in the setting of periodic stimuli with increasing on-off
alternation frequencies, the dynamics of the dampening
phenomenon point strongly to a signal based upon
BOLD effects in the venous pool. This conclusion is
supported by work of Menon et al. on the assessment of
capillary bed contributions at 4 T.3 It has been suggested
that while a capillary bed contribution is detectable, and
may be spatially more accurate to the cortical ribbon, and
provide an explanation of the undershoot phenomenon, it
contributes significantly less to the fMRI signal rise than
the venous blood pool, even at 4 T.3 At 1.5 T, the
capillary bed contribution is expected to be quite small,
and possibly negligible.3 Similar results were observed
by Buxton et al., who demonstrated that areas of large
perfusion change in fMRI are associated with only mod-
erate BOLD signal changes, and a post-stimulus under-
shoot, presumably corresponding to the capillary bed,
while the largest BOLD signal changes are not closely
linked to perfusion, and are likely due to large draining
veins.39

It has been noted above that the development of the
dampening phenomenon can be viewed in the context of
a linear systems approach, as a convolution of a periodic
stimulus with a response function. Hence, an entirely
different approach to the validation of the above model,
basing fMRI signal changes on the changes in venous
oxygenation as expressed in equation 4, is through an
examination of the impulse response function of this
model. Specifically, the impulse response function of this
BOLD model should be able to explain certain “non-
linearities” in the fMRI signal, which would not be
present if the signal were based on flow effects, whether
R1 inflow phenomenon, or changes in the capillary bed
oxygenation, which occur essentially simultaneously
with changes in CBF.

In the Model section, the impulse response function
for this model is derived [Eq. (11–12)]. A close exami-
nation of the form of the impulse response function
reveals that it is time invariant only when a(s) is a
constant function. It is only under this circumstance that
h(t,t) as expressed in equations 11 and 12, would have
the form of h(t-t), i.e., a time-invariant impulse response
function. However, a(s) is not a constant function, since
it reflects the time variance of CBF (function F(t) above).
Therefore, while the model is linear, it is not time-
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invariant. Hence, the assumption used by Boynton et al.,
that a 12-s pulse response could be reconstructed by the
linear summation of time-shifted 3-s pulse responses,
becomes invalid, as it would require a linear, time-
invariant system.29 As shown in Fig. 5, when this recon-
struction is attempted, the reconstructed signal over-
shoots the original signal by a small amount, as observed
by Boynton et al., and as predicted by our model. Thus,
the ability of this model to explain the observed non-
linearities in fMRI signal provides perhaps the strongest
support of the conclusion that the BOLD response in the
venous blood pool is the central determinant of fMRI
signal, and the primary etiology of the dampening phe-
nomenon.

Finally, it is noted that for this initial investigation, the
role of possible changes in cerebral O2 consumption and
changes in CBV were not addressed explicitly, and they
are assumed to be constant.

Ignoring possible changes in cerebral O2 consumption
may be justified secondary to the generally expected
small magnitude of such changes at the onset of stimu-
lation, and the generally accepted BOLD assumption of
an initial uncoupling of flow and metabolism.12,16–18

More recent work, however, suggests that these assump-
tions may not be entirely valid. Hyder et al. have dem-
onstrated that in the setting of functional stimulation,
oxidative glycolysis is the main source of energy for
increased brain activity.6 Davis et al. have provided
evidence of modulation in the BOLD signal secondary to
changes in oxidative metabolism, possibly by up to 30%,
using a mathematical model linking CBF, oxidative me-
tabolism and BOLD signal changes, as well as pulse
sequences designed to simultaneously estimate BOLD
and flow changes.40 Also, Buxton et al. have introduced
a model of O2 delivery to the brain which suggests that
there is a tight coupling of flow to oxidative metabolism
with cerebral activation, and that relatively large changes
in flow are required to support relatively small changes
in oxidative metabolism due to the absence of capillary
recruitment in the brain and a unidirectional O2 extrac-
tion fraction.19 This would be consistent with the results
of Hyder et al. regarding a more prominent role for
oxidative metabolism in the setting of brain activation
than initially assumed.6

There are some differences in the expected fMRI
signal between the model of Buxton et al. and a model
such as ours, which assumes an uncoupling of flow from
metabolism, but these are dependent on the resting O2

extraction fraction (E). At a flow increase of 30%, these
differences are negligible for values of E less than 20%,
and show a slight divergence at an E of 30%, but become
significantly different at an E of 50%.19 In prior work,
our estimated cerebral O2 extraction fraction equivalent
to the function E(t) above was approximately 31%.26

Hence, the expected divergence is not large, but further
work is needed on the full implications of the model of
Buxton et al. on the results presented here. Overall,
however, the impact of ignoring changes in O2 consump-
tion is not expected to have a qualitative difference on
the results presented, as changes in O2 consumption, as
measured by both PET and MRI techniques, are signif-
icantly less than corresponding changes in flow.16,41

The question of CBV is more complex. In a fuller
treatment of this model, it has been shown that the
significant variable for the dynamics of signal change is
not CBF alone, but the CBF/CBV ratio.26 It is noted that
blood volume plays no role in determining the eventual
level of venous oxygenation with changes in flow and
consumption [Eq. (1–3)]. However, blood volume acts in
determining the total amount of deoxyhemoglobin per
voxel. Although increases in CBF decrease deoxyhemo-
globin levels, increases in blood volume lead to greater
total deoxyhemoglobin content for any given deoxyhe-
moglobin level. Thus, the net impact of simultaneous
changes in flow and volume will depend on the ratio of
changes in flow to changes in volume.4,26,27,42Recently,
Buxton et al. have also demonstrated, using a theoretical
biomechanical model of CBF and CBV, that CBV
changes are capable of affecting the shape of the fMRI
signal curve, producing such phenomenon as the initial
undershoot, based on the relative time course of flow and
volume changes.33

When the overall effect on total deoxyhemoglobin,
and fMRI signal change is modeled, it is found that
changes in CBF must definitely exceed changes in CBV
to produce discernible decreases in total deoxyhemoglo-
bin with functional stimulation.26 A study in rhesus mon-
keys supports this notion, indicating that changes in CBV
are indeed of a significantly lesser magnitude than
changes in CBF, with CBV varying approximately as the
cube root of CBF.43 Also, in a hypoxia-hyperoxia model,
it has been demonstrated that MRI signal changes are
dominated by changes in magnetic susceptibility from
blood oxygenation, rather than from blood volume
changes.5 Thus, it may be justified to assume CBV as
constant for the purposes of this initial investigation, as
increases in CBV do not affect the qualitative conclu-
sions established. However, with more in-depth investi-
gations to establish the quantitative link between fMRI
signal and venous oxygenation, both deoxyhemoglobin
levels and total deoxyhemoglobin content will become
important variables, and the role of CBV will need to be
considered explicitly.

CONCLUSIONS

Mathematical modeling of cerebral venous oxygen-
ation in response to functional activation may aid in
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understanding the basic mechanisms underlying fMRI
signal, and may shed light on the cerebral hemodynamics
that accompany functional activation. This paper exam-
ined the phenomenon of high-frequency periodic stimu-
lation, using both a mathematical model of cerebral
venous oxygenation, and actual subject data of motor
stimulation with progressively shorter bursts of “on-off”
stimulation. The phenomenon of signal dampening was
predicted and observed, serving as strong indirect evi-
dence that fMRI signal is indeed mostly dependent upon
changes in venous deoxyhemoglobin, rather than either
R1 inflow effects or changes in oxygenation at the level
of the capillary bed. The dampening effect was also
presented in light of an impulse-response function, and it
was demonstrated that the impulse response function of
our model is compatible with previously observed results
regarding the “non-linearity” of fMRI signals. The agree-
ment between the predicted and observed dynamics of
signal dampening, as well as the ability of the impulse-
response function of a venous pool BOLD model to
account for non-linearities in fMRI signal response, is
supportive evidence that this and similar efforts at mod-
eling venous oxygenation may enhance our understand-
ing of cerebral hemodynamics in the setting of functional
stimulation.

REFERENCES

1. Ogawa, S.; Lee, T.M.; Kay, A.R.; et al. Brain magnetic
resonance imaging with contrast dependent on blood oxy-
genation. Proc. Natl. Acad. Sci. USA 87:9868–9872;
1990.

2. Ogawa, S.; Tank, D.W.; Menon, R.; Ellerman, J.M.; Kim,
S.G.; Merkle, H.; Ugurbil, K. Intrinsic signal changes
accompanying sensory stimulation: Functional brain map-
ping with magnetic resonance imaging. Proc. Natl. Acad.
Sci. USA 89:5951–5955; 1992.

3. Menon, R.S.; Ogawa, S.; Hu, X.; Strupp, J.P.; Anderson,
P.; Ugurbil, K. BOLD based functional MRI at 4 Tesla
includes a cpillary bed contribution: Echo-planar imaging
correlates with previous optical imaging using intrinsic
signals. Magn. Reson. Med. 33:453–459; 1995.

4. Kwong, K.K.; Belliveau, J.W.; Chesler, D.A.; et al. Dy-
namic magnetic resonance imaging of human brain activity
during primary sensory stimulation. Proc. Natl. Acad. Sci.
USA. 89:5675–5679; 1992.

5. Kennan, R.P.; Scanley, B.E.; Gore, J.C. Physiologic basis
for BOLD MR signal changes due to hypoxia/hyperoxia:
separation of blood volume and magnetic susceptibility
effects. Magn. Reson. Med. 37:953–956; 1997.

6. Hyder, F.; Rothman, D.L.; Mason, G.F.; Rangarajan, A.;
Behar, K.L.; Shulman, R.G.; Oxidative glucose metabo-
lism in rat brain during single forepaw stimulation: A
spatially localized1H[13C] nuclear magnetic resonance
study. J Cereb. Blood Flow Metab. 17:1040–1047, 1997.

7. Hathout, G.; Kirlew, K.; So, G.; Hamilton, D.; et al. MRI

signal responses to chronic stimulation in the human visual
cortex. J. Magn. Reson. Imaging 4:537–543; 1994.

8. Hajnal, J.V.; Young, I.R.; Bydder, G.M. Contrast mecha-
nisms in functional MRI of the brain. In: W.G. Bradley,
G.M. Bydder (Eds). Advanced MR Imaging Techniques,
Chapter 8. London: Martin Dunitz, 1997.

9. Belliveau, J.W.; Kwong, K.K.; Kennedy, D.N.; et al. Mag-
netic resonance mapping of brain function: Human visual
cortex. Invest. Radiol. 27:S59–S65; 1992.

10. Frahm, J.; Bruhn, H.; Merboldt, K.D.; Hanicke, W. Dy-
namic MR imaging of human brain oxygenation during
rest and photic stimulation. J. Magn. Reson. Imaging
2:501–505; 1992.

11. Bandettini, P.A.; Wong, E.C.; Hinks, R.S.; Tikofsky, R.S.;
Hyde, J.S. Time-course EPI of Human brain function dur-
ing task activation. Magn. Reson. Med. 25:390–397; 1992.

12. Turner, R.; Jezzard, P.; Wen, H.; Kwong, K.K.; Le Bihan,
D.; Zeffiro, T.; Balaban, R.S. Functional mapping of the
human visual cortex at 4 and 1.5 tesla using deoxygenation
contrast EPI. Magn. Reson. Med. 29:277–279; 1993.

13. Sereno, M.I.; Dale, A.M.; Reppas, J.B.; Kwong, K.K.;
Belliveau, J.W.; Brady, T.J.; Rosen, B.R.; Tootell, R.B.
Borders of multiple visual areas in humans revealed by
functional magnetic resonance imaging. Science 268:889–
893; 1995.

14. Rao, S.M.; Binder, J.R.; Hammeke, T.A.; Bandettini, P.A.;
Bobholz, J.A.; Frost, J.A.; Myklebust, B.M.; Jacobson,
R.D.; Hyde, J.S. Somatotopic mapping of the human pri-
mary motor cortex with functional magnetic resonance
imaging. Neurology 45:919–924; 1995.

15. Fox, P.T.; Mintun, M.A.; Raichle, M.E.; Miezin, F.M.;
Allman, J.M.; Van Essen, D.C. Mapping of human visual
cortex with positron emission tomography. Nature 323:
806–809; 1986.

16. Fox, P.T.; Raichle, M.E. Focal physiological uncoupling of
cerebral blood flow and oxidative metabolism during so-
matosensory stimulation in human subjects. Proc. Natl.
Acad. Sci. USA. 83:1140–1144; 1986.

17. Raichle, M.E.; Grubb, R.L.; Gado, M.H.; Eichling, J.O.;
Ter-Pogossian, M.M. Correlation between regional cere-
bral blood flow and oxidative metabolism. Arch Neurol.
33:523–526; 1976.

18. Fox, P.T.; Raichle, M.E.; Mintun, M.A.; Dence, C. Non-
oxidative glucose consumption during focal physiology
neural activity. Science 241:462–464; 1988.

19. Buxton, R.B.; Frank, L.R. A model for the coupling be-
tween cerebral blood flow and oxygen metabolism during
neural stimulation. J. Cereb. Blood Flow Metabol. 17:64–
72; 1997.

20. Villringer, A.; Dirnagl, U. The physiological basis of func-
tional magnetic resonance imaging techniques. Functional
MRI of the Brain SMRM and SMRI Workshop, Arlington,
VA. 1993:Abstracts, p. 231.

21. Kato, T.; Takashima, S.; Kamada, K.; Kishibayashi, J.;
Sunohara, N.; Ozaki, T. Advantage of near-infrared spec-
troscopy in the human functional MR imaging in brain. In:
International Society for Magnetic Resonance in Medicine,

Lag of cerebral hemodynamics: Modeling for FMRI● G.M. HATHOUT ET AL. 19



Proceedings Society of Magnetic Resonance in Medicine,
Abstracts New York. Berkeley, CA: 1993: p. 409.

22. Berthezene, Y.; Tournut, P.; Turjman, F.; N9Gbesso, R.;
Falise, B.; Froment, J.C. Inhaled oxygen: A brain MR
contrast agent? Am. J. Neuroradiol. 16:2010–2012; 1995.

23. Kwong, K.K.; Wanke, I.; Donahue, K.M.; Davis, T.L.;
Rosen, B.R. EPI imaging of global increase of brain MR
signal with breath-hold preceded by breathing O2. Magn.
Reson. Med. 33:448–452; 1995.

24. Rostrup, E.; Larsson, H.B.; Toft, P.B.; Garde, K.; Henrik-
sen, O. Signal changes in gradient echo images of human
brain induced by hypo- and hyperoxia. NMR Biomed.
8:41–47; 1995.

25. Dyun, J.H.; Moonen, C.T.W.; Van Yperen, G.H.; De Boer,
R.W.; Luyten, P.R. Inflow versus deoyhemoglobin effects
in BOLD functional MRI using gradient echoes at 1.5T.
NMR Biomed. 7:83–88; 1994.

26. Hathout, G.M.; Gambhir, S.S.; Gopi, R.K.; Kirlew,
K.A.T.; Choi, Y.; et al. A quantitative physiologic model
of blood oxygenation for functional magnetic resonance
imaging. Invest. Radiol. 30:669–682; 1995.

27. Ogawa, S.; Menon, R.S.; Tank, D.W.; Kim, S.G.; Merkle,
H.; Ellerman, J.M.; Ugurbil, K. Functional brain mapping
by blood oxygenation level dependent contrast magnetic
resonance imaging: A comparison of signal characteristics
with a biophysical model. Biophys. J.. 64:803–812; 1993.

28. Lindauer, U.; Villringer, A.; Dirnagl, U. Characterization of
CBF response to somatosensory stimulation: Model and in-
fluence of anesthetics. Am. J. Phys. 264:H1223–1228; 1993.

29. Boynton, G.M.; Engel, S.A.; Glover, G.H.; Heeger, D.J.
Linear systems analysis of functional magnetic resonance
imaging in human V1. J. Neurosci. 16:4207–4221; 1996.

30. Dale, A.M.; Buckner, R.L. Selective averaging of rapidly
presented individual trials using fMRI. Human Brain Map-
ping 5:329–340; 1997.

31. Levan, N. Systems and Signals. New York: Optimization
Software, Inc., 1987.

32. Bandettini, P.A. MRI studies of brain activation: dynamic
characteristics. In: Proceedings of the Functional MRI of
the Brain Workshop. Society of Magnetic Resonance in
Medicine and Society for Magnetic Resonance Imaging.
Arlington, VA, June. 17–19:1993: p. 143–152.

33. Buxton, R.B.; Wong, E.C.; Frank, L.R. A biomechanical

interpretation of the BOLD signal time course: The balloon
model. Proceedings of the ISMRM, Vancouver, Canada,
1997, p. 743.

34. Menon, R.S.; Ogawa, S.; Tank, D.W.; Ugurbil, K. 4 Tesla
gradient recalled echo characteristics of photic stimulation-
induced signal changes in the human primary visual cortex.
Magn. Reson. Med. 30:380–386; 1993.

35. Bandettini, P.A.; Wong, E.C.; Jesmanowicz, A.; Hinks,
R.S.; Hyde, J.S. Spin-echo gradient-echo EPI of human
brain activation using BOLD contrast: A comparative
study at 1.5T. NMR Biomed. 7:12–20; 1994.

36. Ogawa, S.; Lee, T.M.; Nayak, A.S.; Glynn, P. Oxygen-
ation-sensitive contrast in magnetic resonance image of
rodent brain at high magnetic fields. Magn. Reson. Med.
14:68–78; 1990.

37. Turner, R.; Le Bihan, D.; Moonen, C.T.W.; DesPres, D.;
Frank, J. Echo-planar time course MRI of cat brain oxy-
genation changes. Magn Reson Med 22:159–166; 1991.

38. Conrad, B.; Klingelhofer, J. Dynamics of regional cerebral
blood flow for various regional stimuli. Exp. Brain Res.
77:437–441; 1989.

39. Buxton, R.B.; Wong, E.C.; Frank, L.R. A comparison of
perfusion and BOLD changes during brain activation. In:
Proceedings of the ISMRM, Vancouver, Canada, 1997: p.
153.

40. Davis, T.L.; Kwong, K.K.; Bandettini, P.A.; Weiskoff,
R.M.; Rosen, B.R. Mapping the dynamics of oxidative
metabolism by functional MRI. In: Proceedings of the
ISMRM, Vancouver, Canada, 1997: p. 151.

41. Mandeville, J.B.; Marota, J.J.; Weisskoff, R.W.; Rosen,
B.R. An NMR methodology for measuring changes in
CMRO2 during functional challenge. In: Proceedings of
the ISMRM, Vancouver, Canada, 1997: p. 155.

42. Jezzard, P.; Heineman, F.; Taylor, J.; DesPres, D.; Wen,
H.; Balaban, R.S.; Turner, R. Comparison of EPI gradient-
echo contrast changes in cat brain caused by respiratory
challenges with direct simultaneous evaluation of cerebral
oxygenation via a cranial window. NMR Biomed. 7:35–
44; 1994.

43. Grubb, R.L., Jr.; Raichle, M.E.; Eichling, J.O.; Ter-Pogos-
sian, M.M. The effects of changes in PaCO2 on cerebral
blood volume, blood flow and vascular mean transit time.
Stroke 5:632–639; 1974.

20 Magnetic Resonance Imaging● Volume 17, Number 1, 1999


